Abstract-High energy resolution gamma-ray detectors that can be formed into relatively large sizes while operating at room temperature offer many advantages for national security applications.
I. INTRODUCTION
S rlz(Eu) crystals are being grown, polished, and packaged with high yield and consistently good spectroscopic performance. We are now able to consistently achieve �3% FWHM energy resolution at 662 keV with 1 cubic inch crystals, as was previously reported [1, 2] . Two key material parameters that affect Srlz(Eu) crystal performance is the purity of the feedstock and the Eu doping concentration. Both of these parameters affect the light yield and light collection uniformity and, thereby, the achievable energy resolution.
In our earlier work, we measured an energy resolution of 6.7% for an undoped Srlz crystal grown from zone-refined feedstock at Fisk University [3] . In the work reported here, a 978-1-4673-0120-6/111$26.00 ©2011 IEEE 7 crystal was grown from 99.999% pure Srlz (Sigma Aldrich) by Oak Ridge National Laboratory (ORNL), cut, polished and packaged in a hermetic enclosure at Lawrence Livermore National Laboratory. Its performance is compared with a 3% Eu-doped Srlz crystal grown by RMD, Inc. that was polished and encapsulated at Lawrence Livermore National Laboratory. This comparison allows us to decouple the effects associated with the europium activator, giving us better insight into the properties of the Srlz host material.
II. METHODS

A. Scintillator Emission and Decay Measurements
One method by which to understand the physics of light generation in scintillator detectors is through measurement of their emission spectra. These measurements employed a 90 SrfOy source (�1 MeV average beta energy), and radioluminescence spectra were collected with a Princeton Instrumentsl Acton Spec 10 spectrograph coupled to a thermoelectrically cooled CCD camera.
Emission spectra were recorded for the very pure ORNL undoped crystal, the Fisk undoped crystal, and the RMD 3% Eu-doped Srlz crystal. In addition, an absorption spectrum was recorded for the ORNL crystal.
Scintillator decay times were also measured for the undoped and 3% Eu-doped crystals using a Bridgeport eMorpho data acquisition system. With this readout system, scintillator pulse traces were recorded and those pulses which constituted a full-energy deposition were selected. 10 traces from the selected pulses were averaged to give a normalized response. A 1 37 Cs source was used for this measurement. We measured the spectroscopic performance of two packaged crystals, an undoped ORNL crystal, 8.0 cm3 in volume, and a 3% Eu-doped RMD crystal, 10.4 cm3 in volume. These crystals were packaged using our standard technique [2] . Pulse height spectra were recorded using a 1 37CS source and an effective light yield was determined by normalizing the signal to a reference NaI(TI) crystal.
We also acquired measurements of the light collection nonuniformity as described previously [2] .
In this measurement, a collimated 1 37CS source is used to measure the scintillator response as a function of gamma-ray interaction depth (i.e. distance from the PMT window). From this, we can understand the light collection nonuniformity as a function of interaction depth as well as the spectroscopic characteristics as a function of depth. We used unpackaged cylindrical crystals for these measurements, because we have found that the effects of light collection nonuniformity are exacerbated in this scenario (versus the packaged crystal).
Both crystals were wrapped with �8 layers of Teflon tape, and coupled to a PMT with a thin layer of mineral oil. In this study, we also acquired measurements of the light yield nonproportionality. Such measurements are important to quantify, since the allowable energy resolution of a scintillator detector is partially determined by its light yield nonproportionality. In addition, these measurements also give us further understanding of the physics of light generation. These measurements were carried out at the Scintillator Light Yield Nonproportionality Characterization Instrument (SL YNCI) [4, 5] . It is important to point out that the SL YNCI instrument measures the relative light yield as a function of electron response (e.g. energy imparted to the Compton scatter electron) as opposed to the gamma-ray response (e.g. energy of the incident gamma-ray). This is considered to be a more fundamental measure of the true nonproportionality behavior of the scintillator. SL YNCI measurements of the packaged ORNL undoped SrI2 crystal as well as the packaged RMD 3% Eu-doped SrI2 crystal were recorded.
D. SrI2 index of refraction measurements
The final part of this study involved measurements of the refractive index of SrI2. The refractive index is a key material property to quantify, since this can help us to better model the physics of light transport in the material. To date, the only index of refraction number that has been reported was determined through quantum calculations, resulting in a computed index value of 2.05-2.07 at 435 nm [6] . We decided to do experimental measurements of this important parameter using the method of minimum deviation [7] . In this method, the material of interest is shaped into a prism, with an apex angle of a. A collimated and coherent beam of light is then directed toward the prism. We then scan the beam from 0° to 90° incident angle and observe the angle by which the scattered beam is diverted from the incident beam. The minimum angle at which the scattered beam is diverted is known as the minimum deviation angle D. The index of refraction value n can then be determined based on the following relationship
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Measurements of the index of refraction were carried out in an Nrfilled dry box. For ease of use, two laser pointers were used in this measurement, one which emits in the red (A = 650 nm) and the other which emits in the green (A = 532 run). A 5% Eu-doped Srh crystal was shaped into a prism with a=40°. The crystal was mounted on a rotation stage to allow us to accurately measure the minimum deviation angle, and thus the index of refraction. 
III. RESULTS AND DISCUSSION
A. Results for Scintillator Emission, Absorption, and Decay Time Measurements
The results of the radioluminescence emission spectra for all the crystals measured are shown in Fig. I. Fig. lea) displays the emission and absorption spectra for the undoped ORNL crystal, and Fig I (b) shows just the emission spectra for all the crystals. The emission spectrum in Fig. I(a) consists of a broad band, where the shoulder, centered at about 400run, is believed to be caused by self-trapped exciton (STE) emission. The longer wavelength emission is thought to be from impurity or defect-mediated recombination.
The STE emission is the preferred deexcitation mechanism in the undoped crystal, since its emission is well-matched to bialkali PMTs; this band is enhanced in the undoped crystal grown from high-purity feedstock. Furthermore, for the doped crystal, the energy of STE emission is just slightly higher energy than the Eu 2 + emission, resulting in high-efficiency energy transfer. From the absorption spectrum in Fig. I (a) , we estimated the SrI2 bandgap to be �4.4 eV. In Fig. I (b) we observe that the doped spectrum (in blue) has a prominent emission centered at 435 nm, due to the Eu 2 + activator. The doped spectrum also exhibits a small contribution from the long-wave emission, also observed for the undoped crystal, indicating that some emission from impurities and/or defects is likely to be present in most crystals. Since the relative fraction of the long-wave emission, to that of the STE emission, is reduced for the crystal grown from the highly purified feedstock, we can infer that with higher purity Srlz feedstock, we may be able to decrease the Eu doping concentration while not sacrificing performance in terms of photoelectron yield. This is important, because the detrimental effects of light trapping will be less severe when the Eu doping concentration is reduced, thus allowing us to scale the crystal to larger sizes. Results of the decay time measurements are shown in Fig. 2 . It was found that both sets of traces were well matched to a double exponential decay function. The undoped sample had decay time constants of't 1 = 0.106 us and 't2 = 0.511 us. The doped sample had decay time constants of't 1 = 0.123 us and 't2 = 3.488 us. The fact that the undoped sample exhibits a double exponential decay agrees with the notion that there are more than one decay pathways for the undoped crystal. The fast component for both crystals is comparable, and it is thought that this component is associated with the broad band at long wavelengths. The slower component for the doped sample is a result of Eu 2 + emission. Although the intrinsic decay time for Eu 2 + is � 1.2 Ils, we measured a longer effective decay time due to absorption and reemission of the Eu 2 + . This effect has been reported previously [8] .
B. Results from Spectroscopic and Light-collection Nonuniformity Measurements
In Fig. 3 , a comparison of the 662 keV spectra for the two crystals is displayed. We measured energy resolutions of 5.28% FWHM for the undoped sample and 2.85% FWHM for the doped sample. The surprisingly good energy resolution for the undoped sample (i.e. better than for Nal(Tl)) is a testament to the intrinsically exceptional qualities of Srlz for gamma-ray detection and spectroscopy. Based on the relative positions of the photopeaks, we estimated the effective light yield to be 22,600 photons/MeV and 82,400 photons/MeV for the undoped and doped crystals, respectively. It is important to point out that we did not correct for the PMT quantum efficiency in these estimates, so the true absolute light yield for the undoped sample should in fact be higher, as is indicated in the beta radioluminescence spectra.
The results from the collimation experiment are shown in Fig. 4 . Fig. 4(a) shows a total photopeak variation of 0.72%, whereas for the doped sample, the variation is 2.13%. This observation can be associated with the effect of light trapping in the Eu'+, which is not a factor in the undoped sample.
sample. The total amount that the photopeak shifts between events that originate at the top of the crystal (pos 1) versus events that originate at the bottom (pos3) is dependent on the light collection nonuniformity. It has been reported that for crystals exhibiting severe light collection nonuniformity, upwards of 10% photopeak shift can be observed [2] . For the undoped crystal, we found that the total photopeak shift was just 0.72%, whereas for the doped crystal the total photopeak shift was 2.1 3%. The fact that the undoped sample exhibits a much smaller peak shift is not surprising, because the effect of light collection nonuniformity is associated with optical absorption and reemission of the Eu 2 + .
Another important observation that we can infer from Fig. 4 is the fact that there was little variation of resolution for the undoped sample, in contrast to the doped sample. This agrees with a model developed previously in which degradation in energy resolution as a function of scan depth is associated with the effects of absorption and reemlSSlOn (or light trapping) of the Eu 2 + [I]. The light trapping effect will cause greater dispersion in the photon path lengths for events that originate closer to the PMT versus those events that originate further away from the PMT. This dispersion will result in degraded energy resolution. The fact that we see this effect for the doped sample in Fig. 4(b) , but not for the undoped sample in Fig. 4(a) , helps to validate our model. It has been shown that the detrimental effects of light collection non uniformity for Eu-doped samples can be significantly reduced through a combination of shaping, polishing, and packaging the crystal [2] . The collimation results from one packaged 3% Eu-doped SrI2 crystal (the same one as used in the spectroscopic measurement of Fig. 3) is shown in Fig. 5 . The total peak shift for this detector is 0.41 %, which is even less than that for the undoped sample. Moreover, the energy resolution remained nearly uniform as a function of interaction depth, which is further verification that with proper packaging, the effects of light trapping can be significantly mitigated. Data from the SL YNCI measurements is shown in Fig. 6 . Here we observe that the relative light yields for the two crystals match well for electron energies >40 keV, but then diverge in the lower energy region. The trends observed here are consistent with a previously reported model of nonproportionality in scintillator detectors [9] . In this model, the rising portion of the curve, from higher energy to lower energy, is associated with the Onsager mechanism, which is associated with the formation of excitons from thermalized electrons and holes. This mechanism is considered to be dependent on the intrinsic parameters of the host material, and therefore we would expect the two curves to coalign as they do. In the model, the falling portion of the curve however is associated with the Birks mechanism, which is related to exciton-exciton annihilation, which is suppressed in the case where activators efficiently capture excitons. Therefore, we would anticipate that these two curves would differ between the doped and undoped samples. As can be seen in Fig. 6 , the falling portion of the curve is less severe for the doped sample, resulting in very good light yield proportionality, and thus intrinsically very good energy resolution. Electron Energy (keV) 
D. Resultsfrom Index of Refraction Measurements
Experimental results for the index of refraction measurements are given in Table 1 . Like most materials, the index of refraction is a function of the wavelength. For the green laser source (A = 532 nm), the index of refraction n = 1.89 ± 0.02. For the red laser source (A = 650 nm), n = 1.87 ± 0.02. The experimental results indicate lower refractive index than the results determined through computational calculations. In order to validate these results, ellipsometry measurements are also planned for the SrI2 crystals, another very accurate method for determining index of refraction. We plan to report these results in the future. 
IV. CONCLUSIONS
One of the main goals in this study was to better understand the characteristics of undoped Srh grown from 99.999% pure feedstock. We achieved this by measuring a variety of its scintillator properties, and comparing them to a 3% Eu-doped crystal.
The emission spectra were recorded and we determined that there were two modes of deexcitation in the undoped sample.
We found that the optimal mode of deexcitation, from STE emission, was more pronounced for the highly purified material. The decay time measurements showed that both the undoped and doped samples exhibited a double exponential decay, and the fast component for both samples was very similar. The energy resolution for the undoped and doped packaged crystals was determined and we measured 5.28% and 2.85% FWHM at 662 keV, respectively. Collimation measurements showed that the total photopeak shift for the undoped sample was just 0.72%, which helped to confirm that light collection nonuniformity is a result of light absorption and reemission at the Eu 2 + sites. Measurements of the light yield nonproportionality showed that the undoped sample was less proportional than the doped sample. Finally, we measured the index of refraction of a 5% Eu doped Srh crystal and determined it to be 1.87 -1.89 for the wavelengths examined.
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